weight)-' of both zeatin riboside and isopentenyladenosine. The crown gall lines had 100-to 1000-fold higher levels of each cytokinin. In contrast, the three radiation-induced tumor lines analyzed contained cytokinin levels similar to the control tissue. The radiation-induced tumor tissues produced very little ethylene, although each contained relatively high levels of ACC. Normal callus contained similar amounts of ACC but produced several times more ethylene than the radiation-induced tumor lines. Each of the radiation-induced tumor tissues displayed a unique set of responses to exogenously supplied growth regulators. Only one tumor line showed the same response as normal callus to both auxin and cytokinin feeding. In some cases, one or more tumor lines showed increased sensitivity to certain growth substances. In other cases, growth regulator feeding had no significant effect on tumor tissue growth. Morphology of the radiation-induced tumor tissues generally did not correlate with auxin to cytokinin ratio in the expected manner. The results suggest that a different primary genetic event led to the formation of each tumor and that growth and differentiation in the tumor tissue lines are uncoupled from the normal hormonal controls.
gall lines contained similar amounts of free and ester-conjugated IAA but less amide conjugates. Whereas three of the radiationinduced tumor lines had IAA profiles similar to normal tissues, one line had 10-to 100-fold more free IAA and three-to 10-fold less amide-conjugated IAA. The fifth line had normal free IAA levels but more conjugated IAA than control tissues. Whole seedlings contained approximately 2 nanograms *(gram fresh weight)-' of both zeatin riboside and isopentenyladenosine. The crown gall lines had 100-to 1000-fold higher levels of each cytokinin. In contrast, the three radiation-induced tumor lines analyzed contained cytokinin levels similar to the control tissue. The radiation-induced tumor tissues produced very little ethylene, although each contained relatively high levels of ACC. Normal callus contained similar amounts of ACC but produced several times more ethylene than the radiation-induced tumor lines. Each of the radiation-induced tumor tissues displayed a unique set of responses to exogenously supplied growth regulators. Only one tumor line showed the same response as normal callus to both auxin and cytokinin feeding. In some cases, one or more tumor lines showed increased sensitivity to certain growth substances. In other cases, growth regulator feeding had no significant effect on tumor tissue growth. Morphology of the radiation-induced tumor tissues generally did not correlate with auxin to cytokinin ratio in the expected manner. The results suggest that a different primary genetic event led to the formation of each tumor and that growth and differentiation in the tumor tissue lines are uncoupled from the normal hormonal controls. Investigations of the hormone physiology of plant tumors have the potential to elucidate the process oftumor formation and, more importantly, the roles of hormones in regulating normal plant growth and development. Tumors arising from infection by pathogens such as Agrobacterium have received the most attention in this regard. The tms3 and tmr oncogenes of Agrobacterium tumefaciens code for enzymes that synthesize auxin and cytokinin, respectively (14) . Furthermore, in vivo and in vitro morphologies of crown gall tumors usually reflect their endogenous auxin to cytokinin ratios (reviewed in refs. 14 and 21), i.e. the pattern of differentiation observed in crown gall tissues corresponds to that obtained by manipulating the concentrations of exogenous auxin and cytokinin supplied to normal tobacco tissues (29) . Exceptions to this pattern are known to occur, however. Several species show a fully virulent response when transformed by A. tumefaciens strains carrying mutated oncogenes (reviewed in ref. 3 ). In at least one case, this "compensation" is not due to increased host-directed hormone synthesis (4).
The "genetic" tumors of interspecific Nicotiana hybrids (reviewed in ref. 2 ) and other nonpathogenic neoplasms of predisposed species (reviewed in ref. 10 ) make up a second, poorly characterized class of plant tumors. Early reports indicated that tumor-prone Nicotiana hybrids contained higher auxin levels than the parent species, but a recent study in which more reliable methods were used did not find higher IAA levels in tumors of Nicotiana glauca x Nicotiana langsdorffii hybrids (5) . Tissue of hybrid tumors was also found to contain cytokinins at levels similar to those found in stem tissue of the parent species (19, 20) . Light quality and other environmental factors have been shown to influence spontaneous tumor formation in susceptible tomato species (10, 15) , but to our knowledge the hormonal status of these tumors has not been investigated.
A third mechanism for induction of tumors is treatment of plants with radiation or mutagenic chemicals. For example, Hirono et al. (9) (Table II) . This figure is in the range reported for rapidly growing organs such as etiolated maize coleoptiles (22) and young tobacco leaves (23) . Both control tissues contained large amounts of amide-conjugated IAA (10-20 ug-[g fresh weight]-') and relatively little ester-conjugated IAA, implicating conjugation to amino acids as the prevailing pathway of (Table III) . These values are similar to those reported for other vegetative tissues such as Nicotiana stem (19, 20) . The Ethylene production was measured because this hormone is known to stimulate the growth of certain tissues in culture (25) . The ethylene precursor ACC was also assayed as an indirect measure of auxin activity, because auxins are known to stimulate ethylene production by inducing ACC synthesis (25) . Accumulation of ACC has been shown to parallel that of IAA in crown gall tissues of several species (4, 13, 26) , and a variety of natural and synthetic auxins induce ACC accumulation in tobacco crown gall cells (25) . Because plants can produce biologically active auxins that we did not measure directly, it was desirable to measure ACC levels in the tumor lines. The radiation-induced tumor lines all evolved very small volumes of ethylene (Table IV) . Callus tissue synthesized somewhat more, and crown gall line EB6-1 produced >10-fold more, ethylene than the radiation-induced tumor tissues. In contrast to their low rate of ethylene production, all tissues examined contained relatively high levels of the ethylene precursor ACC (Table IV) . No large differences in ACC content were observed among the tissue lines. Surprisingly, line 2. lOA, which has the highest levels of free IAA, evolved the least ethylene of any tissue line and did not contain more ACC than the other lines examined.
Response to Exogenous Plant Growth Substances
To determine whether altered hormone response might play a role in radiation-induced tumorigenesis, we measured growth of the tumor lines and callus tissue in the presence of exogenously supplied plant growth substances. The optimum concentration of the synthetic auxin, NAA, for growth of normal tissue was found to be 10 uM (Fig. la) 10 AM NAA (Fig. lb) (Fig. 2a) . The optimum concentration of N6-BA for normal tissue was 3 to 10 MM, depending on the amount of NAA present. N6-BA was toxic to callus and to every tumor line at 100 Mm. Growth of crown gall lines EC58-1 and EB6-1 was not enhanced by N6-BA at any concentration tested. Radiation-induced tumor line 3.4 was stimulated by 1 to 10 Mm N6-BA, the same range found optimal for callus (Fig. 2b) . Lines 5.5 and 2. 1OA were also stimulated by N6-BA, but the optimum concentration varied in different experiments. The most favorable N6-BA concentrations ranged from 0.1 to 10 and from 0.1 to 1 gM for lines 5.5 and 2.10A, respectively. Neither line 1.2 nor 2.10 was consistently stimulated by N6-BA feeding. Growth of each line was slightly increased or decreased by N6-BA in different experiments. In summary, growth of the three rapidly proliferating radiation-induced tumor lines could be increased by N6-BA treatment, although the optimum concentration differed for each line. The two slower growing lines and the two crown gall lines were not stimulated by N6-BA.
Gibberellins have been shown to occur in tobacco crown gall tissues, particularly shooty teratomas (17) , and GA3 can substitute for auxin in supporting the growth of unorganized tissue from tobacco teratomas (24) . In light of these observations, and the well-documented effects of gibberellins on cell division and expansion in other systems, we measured the effects of GA3 (not native to Arabidopsis but biologically active [30] ) on growth of the radiation-induced tumor lines.
GA3 did not increase the growth of any tissue line tested (Fig.   3 ). Concentrations up to 10 gM GA3 had no significant effect on callus tissue, whereas 100 Mm was slightly inhibitory. Lines 2. 1OA and 3.4 yielded essentially the same result. GA3 was toxic to lines 1.2 and 5.5 at 100 ,uM and inhibited growth at 1 to 10 uM. The effect of the gibberellin biosynthesis inhibitor CCC on tissue growth was also tested (Table V) . None of the tumor lines was inhibited by 0.5 mM CCC, a concentration that inhibits stem elongation in Landsberg erecta plants (not shown). From this evidence it appears unlikely that changes in gibberellin metabolism are involved in the hormone autonomy of the radiation-induced tumor tissues. All four radiation-induced tumor lines tested were more sensitive to the ethylene precursor ACC than normal callus (Fig. 4) . Growth of callus was not affected by 0.1 mM ACC and only slightly inhibited by 1 mM. In contrast, the tumor lines were all strongly inhibited by 1 mM ACC; tissue from lines 1.2, 3.4, and 5.5 had turned brown and died by the end of the culture period. The tumor lines were also inhibited to varying degrees by 0.1 mM ACC. Somewhat different results were observed when the ethylene-releasing agent 2-chloroethylphosphonic acid (Ethephon) was included in the growth medium (Fig. 5) . Normal callus and all tumor lines tested were inhibited by 0.1 mm Ethephon. At 1 mM, Ethephon was toxic to all tissue lines. These results, together with the ethylene and ACC determinations (Table IV) , suggest that the tumor lines are less efficient than callus at metabolizing ACC, either through conjugation or conversion to ethylene.
DISCUSSION
The foremost conclusion that can be drawn from this study is that the radiation-induced tumor tissue lines do not require high levels of endogenous auxin and cytokinin for hormone autonomous growth. With the exception of line 2. 1OA, which had 10-to 100-fold more IAA, none of the lines examined contained substantially more iPA, ZR, or free IAA than (8) and an auxin and cytokinin autotrophic tobacco cell line induced by UV irradiation (18) .
A particularly striking aspect of this study is that morphology of the radiation-induced tumor tissues frequently does not correlate with auxin to cytokinin ratio (endogenous or exogenous) in the expected manner. Skoog and Miller (29) showed that, when exogenous hormones are supplied to tobacco pith tissue, high auxin to cytokinin ratios promote root formation and low ratios promote shoot formation. We have°1 
